ABSTRACT: Recent neurophysiological and functional neuroimaging studies suggest that the memory decline found with normal aging is not solely due to regional disruptions in the hippocampus, but also is brought about by alterations in the functional coupling between the hippocampus and long-distance neocortical regions. However, the anatomical basis for this functional "dyscoupling" has not been fully revealed. In this study, we applied a multimodal magnetic resonance imaging technique to noninvasively examine the large-scale anatomical and functional hippocampal network of a group of middle aged rhesus monkeys. Using diffusion spectrum imaging, we have found that monkeys with lower memory performance had weaker structural white matter connections between the hippocampus and neocortical association areas. Resting state functional imaging revealed somewhat of an opposite result. Monkeys with low memory performance displayed elevated coupling strengths in the network between the hippocampus and the neocortical areas. Taken together with recent findings, this contradictory pattern may be the result of either underlying physiological burden or abnormal neuronal decoupling due to the structural alterations, which induce a neuronal compensation mechanism for the structural loss or interference on task related neuronal activation, respectively. V C 2013 Wiley Periodicals, Inc.
INTRODUCTION
The rhesus monkey has been an important animal model for the study of the neurobiological basis of memory function since they can be used to obtain both micro-and macroscopic biological observations without confounding factors inherent to disease (Roth et al., 2004) . High resolution magnetic resonance imaging (MRI) has been used to show that memory loss in the rhesus monkey may strongly relate to metabolic disruptions in the hippocampus (Small et al., 2004) , which is consistent with what has also been reported in humans (Small, 2003) . These structural alterations in the rhesus monkey were dominantly found at the subneuronal level rather than reflecting significant neuronal loss (West, 1993; Keuker et al., 2003) , and opened a window to investigating a variety of possible memory related neurobiological mechanisms that are linked to each other. However, the hippocampus is a complex structure made up of distinct subregions with extensive connections to a broad range of cortical and subcortical sites (Rosene and Van Hoesen, 1977; Insausti, et al., 1987; Cond e et al., 1995; Friedman et al., 2002) . This suggests that the hippocampus should be considered to be a node in a memory network rather than an isolated structure. By looking at the broader network of interconnected brain regions that contribute to mnemonic function, we may be able to understand more fully how alterations in a node of this network such as the hippocampus can have a widespread impact.
Emerging evidence for the complementary roles between the hippocampus and neocortex on memory functioning has been reported in the recent studies on both humans and rodents (Wang and Morris, 2010; Poch and Campo, 2012 ). An important but not fully addressed issue in these studies is the neuroanatomical basis for the functional interactions between the hippocampus and neocortical regions. While the rhesus monkey may be an optimal target to scrutinize the issue, such large-scale hippocampal-neocortical connections have not been fully confirmed in the rhesus monkey.
The central aim of this report was, therefore, to investigate the role of hippocampal-neocortical network to memory functioning in the rhesus monkey. We used the spatial condition of the delayed recognition span (DRST-spatial) test as a marker of the memory performance on monkeys. DRST-spatial test was chosen among other cognitive measures because of its sensitivity to hippocampal damage (Beason-Held et al., 1999) and age-related declines of memory in rhesus monkeys . Also, the DRST-spatial test used with monkeys has possible adventages to provide useful insights into the process of normal cognitive aging in humans, since it has been used to examine memory dysfunction in normal aging with healthy aged humans (Inouye et al., 1993) and participants in the early stages of Alzheimer's disease (Moss et al., 1986) .
Here, investigation of the relationship between hippocampal-neocortical network and DRST-spatial test performance on the rhesus monkey was pursued by assessing the hippocampal network alterations based on the novel in vivo neuroimaging framework, which include both diffusion spectrum imaging (DSI, Wedeen et al., 2008) and resting-state functional MRI (rs-fMRI, Scholvinck et al., 2010) .
DSI provides structural information about the intravoxel axonal arrangement, making it possible to investigate brain anatomical circuitry in a large-scale (Wedeen et al., 2008) . In this study, DSI was used for imaging white matter (WM) structural connections to examine whether a disruption of structural connections between the hippocampus and the neocortical structures are related to memory performance in the same monkeys.
The blood oxygen level dependent (BOLD) signals from the rs-fMRI correlates to actual neuronal activity in gamma frequency range (Scholvinck et al., 2010) , and its temporal correlation between different brain regions provide a nice estimation of distinct functional networks in both human and monkeys (Mantini et al., 2011) . From the current in vivo imaging techniques, it is now clear that the brain spends a considerable energy during its resting state. While its metabolic energy consumption is remarkably higher than the task reflexive functional status of the brain, spontaneous activity during the resting-state has become a key index to understand the underlying mechanism of brain (Raichle, 2010) . Together with DSI, rs-fMRI was applied in the imaging framework to determine the independent or synergic effects of structural and functional network properties centered on the hippocampus in the agerelated memory decline that tends to start in middle age.
MATERIALS AND METHODS

Subjects
Multimodal imaging was conducted on 10 physically intact healthy, female, middle aged rhesus monkeys (age: 17-20) . Each of these monkeys was a part of a larger ongoing study of aging and cognition taking place in our lab. Each had known birth dates and complete health records. As a part of our studies of aging and cognition, each of the monkeys was administered the DRST-spatial task to assess their visual short-term memory performances. During the MRI scanning session the monkeys were anesthetized with an initial dose of ketamine and then given propofol IV using a syringe pump in order to maintain anesthesia throughout the session. In the scanner, the monkeys were put in the stereotactic MRI-compatible head holder specially designed to fit within the 8-channel phase array head coil and held the head in a fixed position prevented any inadvertent movement from respiration. Respiration and oxygenation levels were monitored throughout the imaging session. Body temperature was maintained through a combination of a circulating warm water pad and a blanket.
Cognitive Testing: DRST-Spatial Test
A board which has 18 small wells, arranged in a 3 3 6 matrix was used for DRST-spatial test. All of the stimuli were identical brown disks. For each trial, a disk was placed over one of the 18 wells, which was baited with a reward. The screen was then raised and the animal was allowed to displace the disk and obtain the reward. The screen was lowered and a second identical disk was placed on the board and was baited, while the first disk was replaced over the original but now unbaited well. If a correct response was made, the screen was lowered and a third disk was added to the matrix and baited. Every successive correct response was followed by the addition of a new disk until the animal made an error. Ten such trails were presented each day for a total of 10 days. The experimental endpoint was the recognition span, or the mean number of stimuli the monkey was able to correctly identify before committing an error.
MRI Acquisition
All MRI scans were performed on an Achieva 3T whole body MRI scanner (Philips Healthcare, Best, The Netherlands). We used the eight-channel synergy head coil that is compatible with the use of sensitivity encoding (SENSE) parallel imaging, allowing for shortening acquisition time and alleviating distortions in echo planar images (EPI). RF transmission was through the quadrature body coil.
T1 structural imaging
High resolution T1-weighted images were acquired using a T1-weighted 3D-turbo field echo (TFE) sequence that was fully optimized to provide high signal to noise ratio (SNR) and high gray-WM contrast at high resolution with following parameters: TR/TE 7ms/3ms, flip angle 8 , NEX 6, intershot delay 2,800 ms, TFE factor 200, voxel size: 0.6/0.6/0.6 mm, sagittal plane acquisition. 
Diffusion spectrum imaging
Defining Anatomical Structures
Defining anatomical structures in the cortex was the first step to reconstruct hippocampal-neocortical connections on both structural and functional level. To provide a unified analysis framework on both structural and functional level connections, we applied the same anatomical definitions to both DSI and rs-fMRI analysis. Here, the average brain atlas of the rhesus monkey (Frey et al., 2011) with Paxinos anatomical definitions (Fig. 1 , colors in MNI_paxinos) was used for defining anatomical regions. The average brain template was fully optimized to exclude ROIs that were too small to be applied to the rs-fMRI and DSI (2 mm cubic voxel) scans. Ninety-two region of interests (ROI, Table 1) were included in the final atlas. Noisy values in the anatomical definitions were also extracted (Fig. 1A ). The template also had tissue probability information based on Wisconsin rhesus tissue probability map (McLaren et al., 2009) .
There were two different nonlinear coregistration steps to apply the ROIs from the average brain atlas to each individual monkey scans. First, the high resolution T1-weighted images from each monkeys were coregistered to the MNI Paxinos template based on nonlinear transformation algorithm (Greve and Fischl et al., 2009) . Then, inverse of the coregistration parameters were calculated and applied to the template ROIs for corresponding ROI delineations in each monkey's T1-weighted image (Fig. 1B ). An average tissue probability map was also transformed into each monkey's T1-weighted image based on the same parameters and used as tissue prior information for segmenting each tissue class (Zhang et al., 2001 ). In the second step, ROIs in each monkeys T1-weighted images were transformed to their DSI and rs-fMRI based on the nonlinear transformation algorithm. DSI and rs-MRI scans were separately transformed to each subject's T1-weighted scans, and then, ROIs in the T1-weighted scans were inversely transformed to the DSI and rs-MRI images (Fig. 1C ).
Structural Connectivity Reconstruction from DSI
Structural connectivity was defined based on the existence and amount of WM tracts between hippocampus and rest of the ROIs. Here, motion and eddy current distortions on DSI were initially corrected using the FMRIB's software library (Jenkinson et al., 2012) . After the preprocessing, DSI studio (http://www.dsi-studio.labsolver.org) software package was used for carrying out the WM tracts.
To reconstruct WM tracts from DSI, a hanning filter and three-dimensional Fourier transformation were applied to the DSI dataset to estimate WM orientation distribution functions (ODF) at each voxel ( Fig. 2A ) was used. WM tracts were then reconstructed from streamline fiber tracking based on the ODF (Wedeen et al., 2008; Yeh et al., 2010) with the following parameters: 0.5 mm step size, 0.6 in turning angle threshold, random seeding with primary direction tracking initiation and 150 mm in maximum length restrictions. Both anterograde and retrograde hippocampal connections were reconstructed based on the previously defined ROIs. For the anterograde hippocampal connection estimation, the hippocampus was selected as the seed regions for fiber-tracking and 10,000 iterative fiber tracking were preformed (Fig. 2B ). Other ROIs, which were not used for seeding ROIs were defined as target ROIs. After the fiber-tracking, reconstructed fibers, which failed to connect between source and target ROIs were excluded from the ROIto-ROI connectivity reconstructions. The number of fibers existing between the source and target ROIs were counted for each of the targets. For the retrograde hippocampal connection estimation, all other nonhippocampal ROIs were iteratively applied as a seeding region for fiber tracking under the same tracking scheme used in anterograde tracking. WM tracts connecting to the hippocampus were then counted for each of seeding ROIs. Here, the resulting proportion of fibers from both anterograde and retrograde fiber-tracking (from 20,000 tracking in total) were used for defining local connection strength between the hippocampus and each of nonhippocampal ROIs (local hippocampal connection strength: LCS).
Functional Connectivity Reconstruction from rsfMRI
Functional connectivity was defined as the temporal correlations between the previously defined ROIs. Using FMRIB's software library package (Jenkinson et al., 2012, FSL) , rs-fMRI data was preprocessed to correct followings: differential slice timing (slicetimer in FSL), motion correction (MCFLIRT in FSL), and spatial smoothing. After that, resting functional connectivity between hippocampus and each nonhippocampal ROIs were extracted using REST software library package (Song et al., 2011) : (1) Low-frequency fluctuations (0.009-0.08 Hz) were extracted from band-pass filter to remove high frequency noise, (2) Average time course of the low-frequency fluctuations was extracted from each ROIs (Fig. 2C) , (3) WM and cerebrospinal fluid as well as global fluctuations were detrended to avoid any nonneuronal fluctuations in the data (Fox et al., 2009 ), (4) Pearson correlation coefficients were computed between the time course of a given pair of regions, and used to assess functional connectivity (Biswal et al., 1995) . All statistics were computed on Fisher Z-transformed Pearson correlation values. Similar to the structural connectivity analysis described in previous section, local functional connection Automatic labeling of both rs-fMRI and DSI. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] strength between the hippocampus and each ROIs (f-LCS) was defined by Fisher Z-transformed Pearson correlation values between hippocampus and neocortical ROIs.
Statistical Analysis
All analysis calculated Pearson's partial correlation coefficients between DRST-spatial and hippocampal network, separately for structural and functional connectivity. To explore cognitive memory significance of the local structural hippocampal connections, LCS on each of hippocampal-neocortical ROIs was separately correlated with DRST-spatial test score while controlling for age. For functional network analysis, separate partial correlation analyses were done under replacing LCS to f-LCS. All results were regarded significant at p < 0.05, corrected for multiple comparisons. Here, permutation testing (Anderson and Robinson, 2001 ) using 10,000 permutations was used for multiple comparison correction on each correlation analysis.
RESULTS
DRST-Spatial Test Performance
Performance on the DRST-spatial test is shown in Figure 3A . The mean score was 2.06 (standard deviation: 0.14). There was no significant relationship between age and performance on the DRST-spatial test in this group of monkeys. Three among 10 rhesus monkeys had scores 1 standard deviation over the mean DRST-spatial score while 2 monkeys had scores 1 standard deviation below the mean score. The pattern of variation in the monkeys in this report is consistent to that seen in previous reports from our group . The DRSTspatial score of five out of the ten monkeys reported on here were above the previously reported minimum DRST-spatial score of young monkeys and can be regarded as weakened but not impaired status.
Hippocampal Structural Connectivity
The rhesus monkeys showed widespread structural connection patterns between the hippocampus and neocortical regions. Structural connectivity reconstructions consistently confirmed hippocampal to medial temporal, hippocampal to posterior cingulate, and hippocampal to parietal connections. However, the spatial distribution of LCS was different across the monkeys. Figure 3B shows an example on such intersubject variation of LCS. As shown in Figure 3B , a monkey with highest DRSTspatial test score had dominant connection patterns in inferior temporal, superior parietal ROIs, and minor connections in prefrontal ROIs. When compared to the pattern, LCS patterns on the other monkey with lowest DRST-spatial test score showed differences. Lowest DRST score monkey showed dominant inferior temporal connections rather than medial temporal, and also, it had wide spread frontal connection patterns, which were not confirmed in highest DRST score monkey.
As we described in the method section, intersubject variances on LCS were statistically as compared to DRST-spatial test score and the results are shown in Figure 3C . Partial correlation analyses revealed that the monkeys with lower DRST-spatial performance have significantly weaker connections (lower LCS) in various ROIs as compared to others (Fig. 4 , and Table 1 for regional details). Both ipsi-and contra-lateral connections in the left hippocampus showed more significant results as compare to the right hippocampus connections, but most of the significant results were centered in the inferior temporal and the occipital connections in both left and right hippocampal network. Highest significance was confirmed in the right hippocampus to parietal area cingulate connection (PECg, P < 0.001, corrected), while the left hippocampus connection showed less significant pattern under the corrected P < 0.05 level. There were also prefrontal connections significantly correlated with DRST-spatial score. The left hippocampus to the frontal connections in lower memory performance monkeys had weaker hippocampal connections in the medial frontal, the orbitofrontal and in area 46v. The right hippocampus showed significant alterations only in the orbito-prefrontal connections.
Hippocampal Functional Connectivity
Similar to what we found from the structural network analysis, hippocampal connections to the medial prefrontal, inferior temporal, and parietal cortices were also partly confirmed from the rs-fMRI data. Resting functional hippocampal network also showed variable patterns in f-LCS across the monkeys. Figure 5A shows functional hippocampal network reconstructions on same monkeys shown in Figure 3B . Similar to the structural network, topological patterns of the overall hippocampal connections were different between the monkeys with highest and lowest DRST-spatial test score. However, unlike structural network properties shown in the pervious section (Fig. 3B) , monkey with lowest DRST-spatial test score showed higher f-LCS with more spatially divergent patterns than the monkey with highest DRST-spatial test score.
Partial correlation analyses between functional connectivity and DRST-spatial scores showed overall elevated f-LCS in the monkeys with lower memory performances, compared to the monkeys with better memory performances (Fig. 5B) . Statistically, significant correlations were only confirmed in positive f-LCS and most elevated f-LCS did not show bivariate alterations in their structural connections (i.e., LCS). For example, significant elevations in the functional connections were found between the left hippocampus and superior temporal sulcus area two-gyral part in monkeys with lower memory performance, although they had weaker structural connections as compared to high performance monkeys (Fig. 5C , Hip_L-ST2G_L). Bivariate patterns were found in the connections between the right hippocampus and the right parietal area PE and also in the connections between the right hippocampus to the right parietal area POa external part (Fig. 5C , Hip_R-POaE_R). Although the statistically significant bivariate patterns were not common in our results, bivariate patterns were found between the right hippocampus and its ipsilateral connections to superior part of parietal lobe though this did not reach statistical significance (see Fig. 4 ).
DISCUSSIONS
In this study, we investigated the relationship between hippocampal connections and memory performance in a group of healthy middle aged rhesus monkeys. Memory performance was measured by the DRST-spatial test, which has been shown to be sensitive to hippocampal damage. Hippocampal connectivity was assessed by multi-modal neuroimaging that including both DSI and rs-fMRI sequences to assess both structural and functional hippocampal connections. To our knowledge, this is the first attempt to investigate cognitive performances of rhesus monkeys in terms of both structural and functional hippocampal-neocortical connections. The main finding of this study was that monkeys with lower memory performance had stronger resting functional hippocampal-neocortical connectivity in the face of concomitant weaker structural hippocampal connections compared to monkeys with better memory performance.
Structural Connectional Loss and Cognitive Decline
On the basis of extensive microscale observations of the rhesus monkeys, disruptions in neuronal networks induced by alterations in WM have been hypothesized as being a prominent index for understanding the cognitive decline associated with the normal aging process. Changes in WM connections may affect the topology of neuronal networks, and consequently contribute to alterations in information transfer between cortical regions, which results in cognitive decline (Kohama et al., 2012) .
Our in vivo observations based on the DSI findings support the WM hypothesis of cognitive decline. The DSI reconstructed long-distance axonal connections that we observed in this study are consistent with those that have been reported in previous ex vivo axonal tracing studies on monkeys (Barbas and Blatt, 1995; Insausti and Munoz, 2001) , and the statistically significant memory related variances in the LCS that we found suggest that short-term memory performance rests upon the structural integrity of these connections.
Considering the recent advances on imaging microscopic myelin structure by DSI (Takahashi et al., 2010; Wedeen et al., 2012) , the weaker structural connections that we found in low memory performance monkeys may indicate a largescale exhibition of myelin alterations resulting in a decrease of the flexibility in their hippocampal functional interactions. Similar aspect has been also confirmed in the studies on healthy cognitive aging in humans (Sullivan and Pfefferbaum 2006; Sullivan et al., 2010; Voineskos et al., 2012) and suggests that weakening or loss of structural connections may decrease the efficiency of the functional interactions, and therefore, result in lowered cognitive processes.
Enhanced Resting Functional Connectivity
Considering the observations on structural connectivity, one might expected to see lowered functional connections as well. However, the functional network analysis that we undertook showed that the underlying transitional mechanism from structural neuronal network alterations to cognition may be more complicated. The functional hippocampal-neocortical connections revealed stronger temporally correlated BOLD fluctuations in the monkeys with low memory performance and weakened structural connections.
Recent clinical findings based on rs-fMRI technique report elevated patterns in resting state functional connections in patients much like we have found in our monkeys with low memory performance. In Alzheimer's disease (AD) or subjects with strong genetic factors on AD, increased resting functional connectivity was confirmed in patients (Yao et al., 2010; Westlye et al., 2011) , and aberrant hippocampal decoupling during the resting state has been consistently discussed as a possible major cause for the increased resting functional connectivity in the patients. Interestingly, a recent longitudinal fMRI study based on face-name associative memory paradigm confirmed increased baseline activation and decreased task related activations in Regional details of the statistical analysis. Summaries on both structural (Str) and functional (Func) analysis were shown in here. Areas with blue text indicate statistically significant result from the correlation analysis in contralateral hippocampal-neocortical connections. See Table 1 for abbreviations and their full name. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] subjects with significant cognitive decline (O'Brien et al., 2010) , which supports the abnormal functional decoupling hypothesis.
At the microscopic level, neurobiological alterations related to the memory decline in monkeys has been found mostly in the subneuronal components or physiological properties (Luebke and Barbas, 2010) . Interestingly, such microlevel assessments also revealed bivariate patterns between the anatomical and physiological properties. Somewhat burdened patterns of physiological properties were shown in the monkeys with low memory performance despite the subneuronal structural deteriorations including increased number of abnormal myelin (Peters and Sethares, 2002) and decreased synapses (Peters et al., 2008) . The pyramidal cells had more rapid firing rate of action potentials, and g-aminobutyric acid (GABA)-ergic inhibitory postsynaptic currents were increased in low memory performance monkeys (Luebke et al., 2004) . Such physiological burden may also lead to increases in neuronal synchronizations (Fingelkurts et al., 2004) and have an impact upon resting state functional connectivity. Considering both the functional decoupling hypothesis and recent observations of physiological burden in monkeys with low memory performance, our observation of elevated resting functional hippocampal connections in monkeys with low memory performance may indicate a disadvantageous neuronal activity when performing cognitive tasks. Analysis on resting functional connection between hippocampus and neocortical regions. Panel A shows hippocampal functional connection pattern in highest and lowest DRST-spatial test score monkeys, same monkeys shown in Figure 3B . Dominant hippocampal-neocortical connections are shown in red color while the gray and yellow color shows no or weak connections. Panel B shows the correlations analysis on the relationship between functional connection and DRST-spatial test. Statistically significant (P < 0.05 corrected) memory related structural connection loss are depicted in dark red (stronger functional connection in low performance) and blue (weaker functional connection in low performance) spheres. Panel C shows graphical plot of both functional and structural connection analysis. Left y-axes and red rectangles shows functional connectivity analysis and Right y-axes and blue cross shows structural connectivitiy analysis. Left hippocampus to left superior temporal sulcus area 2 gyral part is shown in the left, and right hippocampus to right parietal area POa external part (PoaE_R) is shown in the right side. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Structural and Functional Connectivity
Recent in vivo imaging studies assessing both structural and functional networks also provide insights into our findings. As shown in the recent work of Honey et al. (2009) , it is now clear that the functional network relies on the structural network. On the basis of the long range structural connections, interplay between different local neural dynamics build the final form of resting state neural activities (Cabral et al., 2011) . However, robust functional connectivity can be also found in regions that have no direct structural connections. It is because of that the resting state functional connectivity indexes both polysynaptic and monosynaptic connections (Lu et al., 2011) . Deterioration of axonal connection among the polysynaptic pathway may interrupt neural interplay and build unexpected increases in functional connections in terms of both strength and spatial connection patterns. Therefore, deterioration of axonal connection among the polysynaptic pathway may be an important factor for understanding the elevations in functional connections shown in the monkeys with low memory performance. Less bivariate patterns shown in our results may also indicate complicated underlying relationships between structural and functional networks.
Studies on traumatic brain injury (TBI) may provide additional insights on both structural and functional connectivity since WM connection damage is one of the most common features of TBI. In recent observation on mild TBI, patients demonstrated weaker connections within the default mode network (DMN) and hyper-connectivities between DMN and other resting networks compared to controls (Mayer et al., 2011) . Moreover, such hyper-connectivities between DMN and other resting networks were related to cognitive impairment in mild TBI. However, in the chronic states of TBI, stronger connections were found only within the DMN, and such patterns also correlated with cognitive performances Bonnelle et al., 2011) . Taken together, these findings support the hypothesis of compensatory recruitment. Resting functional connectivity outside the DMN may increase in acute stages of disease to compensate for the functional loss. However, such compensatory mechanism may disappear in chronic stages due to adaptive changes occurred in the brain.
Here, what we observed from structural network analysis was reduced structural connection strength. While those patterns revealed mostly weakened rather than complete loss of structural connections, elevations in resting functional connectivity along with spatial pattern differences may also reveal compensatory mechanisms. As shown in Figure 3C , low memory performance monkeys had weaker structural connections than high performance monkeys in bilateral hippocampal connections to parietal ROIs, where the core DMN take place in. Considering the compensation hypothesis based on TBI, widespread elevations in hippocampal-neocortical functional connections, shown in Figure 5 , are implicated in compensation mechanism for such structural loss in DMN.
In conclusion, we confirmed a deterioration of structural connections and elevated patterns on functional connections in the monkeys with low memory performance. Monkeys did not showed exact one-to-one correspondence between the structural and the functional hippocampal-neocortical connectional properties in terms of their memory performances. Such elevations in functional connections may be a resultant phenomenon either from underlying physiological burden or abnormal neuronal decoupling due to the structural alterations. However, at this point, it is hard to conclude whether the physiological burden or abnormal neuronal decoupling is related to a neuronal compensation mechanism for the structural loss or interference on task related neuronal activation respectively.
On the basis of the multimodal neuroimaging framework, our findings extend recent observations of local hippocampal alterations and its impact on memory function. While recent studies have reported local physiological (Luebke and Rosene, 2003) and metabolic (Small, 2003) alterations of the hippocampus itself, our results emphasize the importance of largescale hippocampal connectional properties for understanding memory function in normal cognitive aging process and disease states (Westlye et al., 2011; Kenny et al., 2012) . Further observations on neurochemical and neurophysiological properties in line with our multimodal neuroimaging framework may provide us with a better understanding of this, and including task fMRI in the imaging framework will be also important if we want to draw conclusions on the relationship between resting and task related activations.
